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Abstract 21 
The release of phosphorus (P) from bed sediments to the overlying water can delay 22 
the recovery of lakes for decades following reductions in catchment contributions, 23 
preventing water quality targets being met within timeframes set out by 24 
environmental legislation (e.g. EU Water Framework Directive: WFD). Therefore 25 
supplementary solutions for restoring lakes have been explored, including the 26 
capping of sediment P sources using a lanthanum (La)-modified bentonite clay to 27 
reduce internal P loading and enhance the recovery process. Here we present 28 
results from Loch Flemington where the first long-term field trial documenting 29 
responses of phytoplankton community structure and abundance, and the UK WFD 30 
phytoplankton metric to a La-bentonite application was performed. A Before-After-31 
Control-Impact (BACI) analysis was used to distinguish natural variability from 32 
treatment effect and confirmed significant reductions in the magnitude of summer 33 
cyanobacterial blooms in Loch Flemington, relative to the control site, following La-34 
bentonite application. However this initial cyanobacterial response was not sustained 35 
beyond two years after application, which implied that the reduction in internal P 36 
loading was short-lived; several possible explanations for this are discussed. One 37 
reason is that this ecological quality indicator is sensitive to inter-annual variability in 38 
weather patterns, particularly summer rainfall and water temperatures. Over the 39 
monitoring period, the phytoplankton community structure of Loch Flemington 40 
became less dominated by cyanobacteria and more functionally diverse. This 41 
resulted in continual improvements in the phytoplankton compositional and 42 
abundance metrics, which were not observed at the control site, and may suggest an 43 
ecological response to the sustained reduction in filterable reactive phosphorus 44 
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(FRP) concentration following La-bentonite application. Overall, phytoplankton 45 
classification indicated that the lake moved from poor to moderate ecological status 46 
but did not reach the proxy water quality target (i.e. WFD Good Ecological Status) 47 
within four years of the application. As for many other shallow lakes, the effective 48 
control of internal P loading in Loch Flemington will require further implementation of 49 
both in-lake and catchment-based measures. Our work emphasizes the need for 50 
appropriate experimental design and long-term monitoring programmes, to ascertain 51 
the efficacy of intervention measures in delivering environmental improvements at 52 
the field scale. 53 
Keywords: lanthanum-modified bentonite; eutrophication; recovery; lake restoration; 54 
cyanobacteria 55 
56 
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1.0 Introduction 57 
Shallow lakes are among the most abundant freshwater habitats worldwide 58 
(Downing et al., 2006; Verpoorter et al., 2014). They offer a valuable source of 59 
biodiversity (Williams et al., 2004; Scheffer et al., 2006), and provide important 60 
ecosystem services to humans (Postel & Carpenter, 1997; Millennium Ecosystem 61 
Assessment, 2005). Yet, with catchments often located in heavily-populated areas 62 
and surrounded by intense agriculture, shallow lakes are vulnerable to the 63 
detrimental effects of nutrient loading (Phillips, 2005; Smith & Schindler, 2009). An 64 
increase in the frequency and magnitude of potentially harmful cyanobacterial 65 
blooms is a common symptom of nutrient enrichment (Brookes & Carey, 2011; 66 
Downing et al., 2001). 67 
Cyanobacterial blooms interfere with the ecological structure and function of 68 
lakes and can produce toxins with the potential to affect human and animal health 69 
(Codd et al., 1999 & 2005). They therefore convey an important message regarding 70 
ecosystem health, and often trigger water quality managers to take action to resolve 71 
the core underlying environmental issues driving their excessive growth. The risk of 72 
occurrence of blooms of cyanobacteria generally increases at water column total 73 
phosphorus (TP) concentrations in excess of 10 – 20 µg L-1 (Carvalho et al., 2011 & 74 
2013a), and phytoplankton biomass decreases linearly with TP below about 100 µg 75 
L-1 in strongly phosphorus (P) limited lakes (Spears et al., 2013). Interventions to 76 
reduce cyanobacteria and phytoplankton biomass, normally, attempt to reduce 77 
external P loads to lakes from their catchments. However, recent studies have 78 
highlighted a considerable temporal ‘lag’ in expected water quality improvements 79 
following successful catchment management (Søndergaard et al., 2003; Carvalho et 80 
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al., 2012; Spears et al., 2012; Sharpley et al., 2014). The release of P from bed 81 
sediments (hereafter referred to as internal P loading) can delay the recovery of 82 
shallow lakes for decades following external P load reductions, depending on the 83 
pollution history, lake flushing rate, bed sediment surface redox conditions and its P-84 
binding capacity (Sas, 1989; Søndergaard et al., 2001; Jeppesen et al., 2005a; 85 
Smolders et al., 2006; Spears et al., 2007). This temporal lag is also mirrored in 86 
phytoplankton community recovery, characterised by an increase in the biovolume of 87 
diatoms, cryptophytes and chrysophytes, and a decrease or no change in 88 
cyanobacteria relative to total phytoplankton community biovolume (Jeppesen et al., 89 
1991; Jeppesen et al., 2005b).  90 
Crucially, internal P loading is often the mechanism restricting immediate 91 
improvements in shallow lakes following reductions in catchment contributions, 92 
preventing water quality targets being met within timeframes set out by 93 
environmental legislation (e.g. EU Water Framework Directive: EC, 2000).  Therefore 94 
to enhance the recovery process, supplementary solutions for the control of internal 95 
loading such as sediment dredging, hypolimnetic aeration, and applying materials to 96 
‘cap’ bed sediment P release have been explored (Hupfer & Hilt, 2008; Hickey & 97 
Gibbs, 2009; Lewandowski et al. 2013; Spears et al., 2013). This includes use of a 98 
lanthanum (La)-modified bentonite clay to manage eutrophication impacts by 99 
capping sediment P release (Douglas patent; Douglas et al., 2004 & 2008) and its 100 
application at the field scale (Robb et al., 2003; Lürling & Faassen, 2012; Meis, 101 
2012; Meis et al., 2013; van Oosterhout & Lürling, 2013; Douglas et al., this issue). 102 
Although some in situ studies have indicated that La-bentonite is effective at 103 
controlling internal P loading, in turn reducing water column TP, filterable reactive 104 
phosphorus (FRP) and chlorophyll a concentrations (Robb et al., 2003; Meis, 2012; 105 
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Gunn et al., 2014; Douglas et al., this issue) and the occurrence of cyanobacteria 106 
(Lürling & van Oosterhout, 2013; Bishop et al., 2014), there is currently no 107 
comprehensive assessment  on phytoplankton community responses following La-108 
bentonite application from a long-term field trial.  109 
To determine the efficacy of any restoration measure, it is vital that the results of 110 
field scale trials are analysed rigorously using appropriate statistical approaches. 111 
This is especially important for short lived organisms with turnover rates of days to 112 
weeks, as is the case for phytoplankton, where natural seasonal and inter-annual 113 
variation can be mistaken for treatment responses when inappropriately analysed. In 114 
this context, the Before-After-Control-Impact (BACI) approach has been applied 115 
successfully within environmental impact assessments in other systems (Schroeter 116 
et al., 1993; Conquest, 2000). We employed this approach to distinguish natural 117 
variability from treatment effects in phytoplankton composition and abundance, 118 
following La-bentonite application to a shallow lake. Where the control of internal P 119 
loading is successful, one would expect a rapid (i.e. within a few years) and 120 
sustained response in phytoplankton community structure and biovolume (e.g. 121 
decline in cyanobacterial blooms).  122 
In Europe, Annex V of the EU Water Framework Directive (WFD: 2000/60/EC) 123 
outlines three features of the phytoplankton community to be considered in the 124 
ecological status assessment for lakes: (1) phytoplankton biomass or abundance, (2) 125 
phytoplankton composition and (3) bloom frequency and intensity (EC, 2000). Here 126 
we examine the responses of a range of the most robust phytoplankton metrics 127 
developed in Europe (Carvalho et al., 2013b) and evaluate their responsiveness to 128 
restoration actions using the phytoplankton classification methods routinely 129 
employed by UK environment agencies. This provides important evidence for 130 
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environmental regulators and water resource managers on the effectiveness of 131 
intervention measures and their capacity to restore ‘failing’ lakes to acceptable water 132 
quality standards, over relevant regulatory timescales (e.g. to have achieved Good 133 
Ecological Status for the WFD, or at least have the appropriate measures in place, 134 
by 2027) and, more generally, for the control of cyanobacterial blooms in shallow 135 
lakes.  136 
We report on a long-term field trial (i.e. one year pre- and four years post-137 
treatment monitoring) designed to quantify responses in the phytoplankton 138 
community following La-bentonite application to a shallow lake, placed into context of 139 
the WFD as a proxy target of ecological improvement. The specific objectives of the 140 
study were to: (i) quantify the seasonal and annual responses in phytoplankton 141 
community structure and biovolume following La-bentonite application, (ii) evaluate 142 
the responses in relevant phytoplankton community metrics in line with proxy WFD 143 
ecological quality targets, and (iii) discuss implications of the results in the context of 144 
eutrophication management and ecological recovery in lakes.  145 
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2.0 Material and Methods 146 
2.1 Description of treatment (T) site and sampling design 147 
Loch Flemington (57o 32’ N, 3o 59’ W) is located around 12 miles east of 148 
Inverness, Scotland, UK (Figure 1). It is a small, high alkalinity (>50 mg L-1 as 149 
CaCO3), shallow lake (Table 1), with no natural outflow (groundwater flows to north-150 
east) and a water retention time of around 2 months (May et al., 2001). The 151 
international conservation importance of the site is summarised elsewhere (e.g. 152 
Gunn et al., 2014). Located in a largely agricultural lowland catchment, Loch 153 
Flemington has suffered a long-standing history of cyanobacterial blooms associated 154 
with high catchment P loading resulting in a fish kill in the 1990s (May et al., 2001). 155 
Initially, catchment management activities were undertaken to reduce external P 156 
loading: treated effluent from a nearby wastewater treatment works (WwTW) was re-157 
directed away from its inlet in 1989, and the WwTW was upgraded during 1993 158 
because sporadic effluent spillages continued to enter the Croy Burn (the primary 159 
feeder stream for the lake) during periods of overload (May et al., 2001). A recent 160 
assessment of TP loads to Loch Flemington indicated that the dominant external 161 
sources were now diffuse (mainly agricultural) and from septic tanks, and was 162 
estimated at 0.8 g m-2 yr-1 with internal loading providing up to 4.3 g m-2 yr-1, 163 
respectively equating to 16% and 84% of the TP load (May et al., 2001). In late 164 
March 2010, 25 tonnes of La-bentonite (170 g m-2 or <0.5 mm layer) was applied 165 
(over 3 days, as slurry from a pontoon) to control internal P loading, in an effort to 166 
reduce the loch’s susceptibility to phosphorus-driven cyanobacterial blooms and 167 
thereby improve water quality conditions (Meis 2012; Meis et al., 2013). The applied 168 
dose had the potential to bind 25% of potentially release-sensitive P (Pmobile = sum 169 
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‘labile P’, ‘reductant-soluble P’ and ‘organic P’ fraction) present in the top 4 cm or 170 
10% of Pmobile present in the top 10 cm (Meis et al., 2013). Responses in TP, FRP 171 
and chlorophyll a concentrations following La-bentonite application have been 172 
reported elsewhere (Robb et al., 2003; Meis, 2012; Gunn et al., 2014; Douglas et al., 173 
this issue). Specifically, Gunn et al. (2014) documented a significant reduction in the 174 
annual mean TP concentration from 60 µg L-1 (2009) to 27 µg L-1 (2011) and 175 
chlorophyll a concentration from 51 µg L-1 (2009) to 12 µg L-1 (2011) of Loch 176 
Flemington following treatment with La-bentonite. These responses were strongest 177 
in summer and the phytoplankton community of Loch Flemington was assessed to 178 
be strongly P limited both before and after the application (Meis, 2012).  179 
2.2 Description of control (C) site and sampling design 180 
The control site is situated within the shallow, west basin of Loch Leven (56o 10’ 181 
N, 3o 30’ W), a large (13.3 km2), high alkalinity (>50 mg L-1 as CaCO3), shallow lake 182 
in eastern central Scotland, UK (Figure 1; Table 1). The entire lake has an average 183 
hydraulic retention time of about 5.2 months (Smith, 1974), and drains a 184 
predominantly agricultural catchment of about 145 km2. Loch Leven lies about 160 185 
km south west from Loch Flemington and, therefore, experiences similar weather 186 
conditions (Meis, 2012). The west basin of Loch Leven was suitable for use as a 187 
control site as it shares similar morphological and physico-chemical characteristics to 188 
Loch Flemington (Table 1) and likewise, being shallow, does not thermally stratify. 189 
This site also has sufficient data available and satisfies the BACI requirements for 190 
the differences between sites to be relatively constant in the before period and not 191 
subject to localised long-term random influences (e.g. large storms) during the study. 192 
The phytoplankton community in Loch Leven is, primarily, P limited and the loch has 193 
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a long and well documented history of eutrophication and recovery (May & Spears, 194 
2012). Between 1985 and 1995, TP inputs fell from about 1.9 g m-2 yr-1 to about 0.53 195 
g m-2 yr-1 in 1995 and increased slightly to 0.87 g m-2 yr-1 in 2005 (Spears & May, 196 
2015). To satisfy the conditions of the BACI design, we assume no significant 197 
changes in catchment P load or internal P load during the period of monitoring 198 
included in this study, although we fully recognise when experiments such as ours 199 
are conducted at the lake-scale, controlling the occurrence of ‘chance’ events is 200 
impossible. However, Stewart-Oaten et al. (1986) point out that short lived or small 201 
chance effects will not necessarily impinge on data analysis if samples are spaced 202 
far enough apart, as these changes would not be detected and subtle effects would 203 
be overwhelmed by the noise contributed from other errors. For example it is 204 
acknowledged that localised disturbance, in the form of dilute sewage discharges, 205 
due to engineering works (i.e. WwTW upgrade) was recorded in the west basin of 206 
Loch Leven by the Scottish Environment Protection Agency during 2011 (J. Best, 207 
pers. comm.). However, this did not result in long-term shift in TP at this site (CEH 208 
data, unpubl.), indicating that their impact on the BACI analysis was limited. 209 
2.3 Phytoplankton sampling and enumeration 210 
Over a five year period from 2009 to 2013, monthly sub-surface (between 0.5 and 1 211 
m depth) water samples were taken from both Loch Flemington and the control site, 212 
Loch Leven west basin. This monitoring period represents one year before (from 213 
May 2009 to early March 2010) and four years after (from April 2010 to December 214 
2013) La-bentonite treatment to Loch Flemington i.e. pre-application year and post-215 
application years one to four, respectively.  216 
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The water samples from both lakes were stored in 1 L Nalgene bottles and 217 
transferred to the testing laboratory in a cool box, where they were analysed for 218 
physico-chemical parameters (e.g. TP; FRP) and phytoplankton abundance 219 
(chlorophyll a), and processed separately for quantitative phytoplankton analysis. 220 
The phytoplankton samples were preserved with Lugol’s iodine, and sub-sampled as 221 
appropriate. Phytoplankton sub-samples were examined using an inverted 222 
microscope and analysed quantitatively, with approximately 400 phytoplankton units 223 
counted per sub-sample at a range of magnifications and biovolume determinations 224 
made according to standard procedures (CEN, 2004 & 2008; Mischke et al., 2012). 225 
Identification largely followed John et al. (2011). The taxonomic richness (S), 226 
Shannon diversity (H) and Pielou’s evenness (J) of the phytoplankton assemblage of 227 
each sample were calculated using the SDR software package (Seaby & Henderson, 228 
2006).  229 
2.4 Determination of ecological quality indicators 230 
Ecological quality assessment was conducted by applying the accepted UK 231 
phytoplankton tool for WFD classification, known as PLUTO, which uses annual 232 
average chlorophyll a data (as a proxy for phytoplankton abundance) representing all 233 
months of the year, combined with phytoplankton community (composition and 234 
biovolume) analysis results derived from phytoplankton samples collected in summer 235 
between July and September (WFD-UKTAG, 2014). This taxonomic data 236 
corresponds to a sampling window when phytoplankton responsiveness to nutrient 237 
enrichment in the UK is usually most discernible and blooms of cyanobacteria are 238 
most likely to occur (Carvalho et al., 2013b). The tool uses metrics which assess 239 
phytoplankton abundance (annual mean chlorophyll a concentration), taxonomic 240 
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composition, expressed as the Phytoplankton Trophic Index (PTI: Phillips et al., 241 
2013) (using phytoplankton biovolume data and a taxonomy based sensitivity index) 242 
and cyanobacterial bloom intensity (using cyanobacteria biovolume) (see also Table 243 
3 caption). PLUTO combines information from the three component metrics to 244 
generate an overall Ecological Quality Ratio (EQR: deviation from minimally-245 
disturbed reference conditions) to facilitate robust classification of phytoplankton in 246 
UK lakes according to WFD reporting requirements (Carvalho et al., 2013b; 247 
Thackeray et al., 2013). EQR values lying nearer to 1 or 0 are respectively indicative 248 
of closest to or furthest from expected reference conditions (WFD-UKTAG, 2014). In 249 
addition to the outputs of quantitative phytoplankton analysis (expressed as annual 250 
arithmetic mean values) for each season and/or year, and PLUTO for each year, we 251 
include the annual geometric mean chlorophyll a concentration (following the 252 
prescribed calculation methods for WFD) and annual arithmetic mean for TP 253 
concentration for each year, for both Loch Flemington (monthly data provided by 254 
SEPA) and Loch Leven west basin (monthly data provided by CEH’s long-term 255 
monitoring programme). 256 
2.5 Statistical analysis 257 
A BACI approach requires the comparison of an impacted site i.e. Loch Flemington, 258 
with a control site i.e. west basin of Loch Leven, both before and after the La-259 
bentonite application at the impacted site. The analysis tests for a change in the 260 
difference in the mean between these sites, in the before and after periods (Stewart-261 
Oaten et al., 1986). The null hypothesis is that there is no change in the difference in 262 
the two time periods i.e. no effect of the La-bentonite application and where a 263 
significant difference in the differences in the two time periods is detected at the 5% 264 
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level, the null hypothesis is rejected and we infer there has been an effect of the La-265 
bentonite application on the impacted site. There is a requirement within the analysis 266 
that the data from the control and impact sites are paired. Therefore, the two 267 
datasets from Loch Flemington and Loch Leven west basin were initially linearly 268 
interpolated onto a daily time step and then re-sampled at a monthly frequency 269 
centred on the middle of each month. This created a paired dataset with 53 270 
observations for each variable in each lake, from which the differences between sites 271 
were calculated.  272 
Statistical comparisons were carried out between the before sample data in 2009 273 
and 2010 prior to the La-bentonite application, which occurred in March 2010 and 274 
each of the sample data corresponding to the four year period after application i.e. 275 
the remainder of 2010 and 2011 to 2013. For annual comparisons of the differences, 276 
General Additive Mixed Models with a Gamma distribution and log-link function were 277 
used with a fixed effect of the treatment year, a smoother to account for seasonal 278 
variation and an autocorrelation term to account for temporal autocorrelation in the 279 
model residuals. Seasonal comparisons were made between summer (June, July 280 
and August), autumn (September, October and November) and winter (December, 281 
January and February), but not for spring (March, April and May) due to insufficient 282 
data. A simple General Linear Model was applied to these data using a Gamma 283 
distribution and log-link function, with treatment year as the response variable. To 284 
account for multiple testing, Tukey’s multiple comparison tests were carried out. In all 285 
cases agreement with model assumptions were assessed through the examination 286 
of residual plots. All statistical analyses were conducted in R (Ihaka & Gentleman, 287 
1996; R Core team, 2011) using the mgcv and multcomp packages (Wood, 2006; 288 
Hothorn et al., 2008).  289 
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Only phyla considered, on average, the major contributors to total phytoplankton 290 
biovolume in Loch Flemington over the monitoring period i.e. cyanobacteria (32%), 291 
dinoflagellates (25.1%), chlorophytes (11.8%), diatoms (11.6%), cryptophytes 292 
(9.4%), euglenophytes (4.2%), and chrysophytes (4.1%) were chosen for BACI 293 
analysis. Other groups including the eustigmatophytes, haptophytes, and 294 
nanoplankton (unidentifiable cells or flagellates <20 µm diameter) were excluded 295 
from the BACI analysis as their contribution to total phytoplankton biovolume were 296 
each, on average, minimal (<1%). 297 
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3.0 Results 298 
3.1 Phytoplankton community variation in Loch Flemington – BACI analysis  299 
Annual variation in the phytoplankton community composition of Loch Flemington 300 
showed that both mean summer cyanobacteria biovolume and total phytoplankton 301 
biovolume initially decreased but then increased, over the monitoring period (Figure 302 
2a). The BACI analysis confirmed significant reductions relative to the control site 303 
(Figure 2b) observed in the summer season for annual mean cyanobacteria 304 
biovolume of post-application years one and two compared to the pre-application 305 
year and year two for annual mean total phytoplankton biovolume, but also that this 306 
initial cyanobacterial response was not sustained beyond post-application year two 307 
(Table 2). Annual variation in the phytoplankton community composition of Loch 308 
Flemington was also characterised by a general increase in the mean biovolume of 309 
all major phyla (except for cyanobacteria) across the seasons, over the monitoring 310 
period (Figure 2a). The BACI analysis confirmed these general responses with 311 
significant increases relative to the control site (Figure 2b) in the mean biovolume 312 
being reported for cryptophytes, chlorophytes, chrysophytes, dinoflagellates and 313 
euglenophytes, especially in summer during post-application years three and four 314 
(Table 2). Overall, these changes indicated a general decline in the relative 315 
contribution of cyanobacteria and increase in all other phyla to annual mean total 316 
phytoplankton biovolume after the La-bentonite application, through to post-317 
application year four (Figure 3).  318 
Annual variation in the phytoplankton community composition of Loch 319 
Flemington revealed that mean taxa richness generally increased across all 320 
seasons, whilst the mean diversity and evenness indices showed some increases 321 
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over the monitoring period (Figure 2a). The BACI analysis confirmed significant 322 
increases relative to the control site (Figure 2b) for mean phytoplankton community 323 
evenness and diversity indices occurred in summer during post-application year two, 324 
and significant increases in annual mean phytoplankton community evenness and 325 
taxa richness also occurred in post-application years one and four, respectively 326 
(Table 2).  327 
3.2 Responses in WFD ecological quality metrics 328 
The PLUTO combined EQR indicated that Loch Flemington showed, with fairly high 329 
confidence, an overall improvement in WFD phytoplankton classification from poor to 330 
moderate ecological status (increasing from 0.287 to 0.421) over the monitoring 331 
period (Table 3). This status change was mostly driven by annual increments in the 332 
component phytoplankton abundance (Chl a EQR) and compositional (PTI EQR) 333 
metrics, which have both shown continual improvement over the monitoring period 334 
(increasing from 0.336 to 0.481 and 0.237 to 0.361, respectively: Table 3).  The 335 
cyanobacterial bloom intensity metric (Cyano EQR) showed no such consistent trend 336 
and fluctuated inter-annually, though a notable decline (corresponding to an increase 337 
in summer cyanobacteria abundance) was observed in summer 2013, for both lakes. 338 
However in contrast to Loch Flemington, the other two component phytoplankton 339 
metrics (i.e. Chl a EQR and PTI EQR) were less consistent for Loch Leven west 340 
basin, hence why ecological status (PLUTO combined EQR) alternated between 341 
moderate (0.410 – 0.482) and poor (0.381 – 0.387) over the monitoring period. This 342 
implies that the control site is stationed in the moderate to poor region, whereas the 343 
treatment site has shown perceivable year on year progress, at the class-boundary 344 
level, towards ecological improvement (Table 3). Despite this, Loch Flemington 345 
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remained below the proxy target of WFD Good Ecological Status four years after La-346 
bentonite application.  347 
Annual arithmetic mean TP concentration initially decreased in Loch Flemington 348 
from its pre-application status (46.3 µg L-1), to its lowest range (33.6 µg L-1 and 38.0 349 
µg L-1) but thereafter reverted (ranging between 46.3 and 50.7 µg L-1) to pre-350 
application concentrations or above (Table 3). Annual arithmetic mean FRP 351 
concentration (and its proportional contribution to TP) showed a continual decrease 352 
from its pre-application status (16.5 µg L-1 or 36%) and, on average, remained lower 353 
(10.4 µg L-1 or 26%) throughout the monitoring period (Table 3). Annual geometric 354 
mean chlorophyll a concentrations decreased from its pre-application status (35.0 µg 355 
L-1) and remained relatively low (ranging between 13.6 and 20.0 µg L-1) throughout 356 
the monitoring period (Table 3).  357 
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4.0 Discussion 358 
4.1 Annual and seasonal responses in the phytoplankton community of Loch 359 
Flemington indicated by the BACI analysis 360 
Discernible structural changes occurred in the phytoplankton community of Loch 361 
Flemington during the four years following La-bentonite application. This constituted 362 
a significant reduction in the abundance of cyanobacteria during summer, and an 363 
ecological shift from cyanobacteria dominance, towards a more functionally diverse 364 
and evenly-distributed algal community. This initial cyanobacterial response was in 365 
line with a reduction of internal P loading from the bed sediments in Loch Flemington 366 
following the La-bentonite application reported elsewhere (Meis, 2012; Meis et al., 367 
2013; Gunn et al., 2014). 368 
The decrease of mean total phytoplankton biovolume in summer, during the first 369 
two years following La-bentonite application, was explained by the relative decline in 370 
cyanobacteria biovolume, and suggests an initial period of P limitation. Similar 371 
responses have been observed in multi-lake studies assessing the recovery of 372 
shallow lakes from eutrophication following reductions of external P loads alone, 373 
albeit over longer time scales (Jeppesen et al., 2005b; Carvalho et al., 2012), and in 374 
situ control of sediment P release after P-capping (Lürling & van Oosterhout, 2013). 375 
In this study, summer cyanobacteria and total phytoplankton biovolume increased 376 
between post-application years three and four. However annual mean cyanobacteria 377 
biovolume remained proportionally, and in absolute terms, lower, while aggregate 378 
biomass contributions from other algal groups (e.g. cryptophytes, chlorophytes, 379 
chrysophytes, dinoflagellates and euglenophytes) increased and explained the 380 
relative increase in total phytoplankton community biovolume. Further to this, new 381 
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UK algal records (e.g. Pseudostaurastrum limneticum; Dinobryon stokesii var. 382 
neustonicum) appeared in the phytoplankton community of Loch Flemington 383 
following treatment (Lang et al., 2014; Lang et al., in press).  384 
These results are in general agreement with the ecological shifts reported from 385 
shallow lakes elsewhere: that reductions in phytoplankton biomass following nutrient 386 
reduction are often accompanied by changes in phytoplankton community structure, 387 
including a decrease in the relative abundance of cyanobacteria (Downing et al., 388 
2001) and relative increase in the proportion of other planktonic algae (Jeppesen et 389 
al., 2005a; Bellinger & Sigee, 2010). In Loch Flemington, the responses in 390 
phytoplankton community composition following the La-bentonite application also 391 
included an increase, relative to the control site, in the annual mean biovolume of 392 
cryptophytes, chlorophytes, chrysophytes, dinoflagellates and euglenophytes, during 393 
post-application years three and four. The results from Loch Flemington follow a 394 
similar pattern to reported increases in the biovolume of diatoms, cryptophytes and 395 
chrysophytes, and a decrease or no change in cyanobacteria relative to total 396 
phytoplankton community biovolume in lakes to which external P loading had been 397 
reduced (Jeppesen et al., 1991; Jeppesen et al., 2005b). In particular, reduced P 398 
concentrations in spring and summer can reduce the competitive advantage of 399 
cyanobacteria, leading to decreases in bloom formation (Phillips et al., 2005). Robb 400 
et al. (2003) reported significant reductions in the concentrations of FRP, chlorophyll 401 
a, and cyanobacteria, compared to control areas, after La-bentonite was applied to 402 
an impounded river system in Western Australia. Bishop et al. (2014) also 403 
documented reduced cyanobacteria densities and a corresponding increase in the 404 
prevalence of chlorophytes, following La-bentonite treatment to a shallow reservoir in 405 
California.  406 
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4.2 Responses in phytoplankton community metrics in line with proxy WFD 407 
ecological quality targets 408 
There was a significant reduction in the magnitude of summer cyanobacterial 409 
blooms in the two years following La-bentonite application to Loch Flemington, which 410 
was not observed at the control site, and generally agrees with the results of other in 411 
situ studies (Robb et al., 2003; Lürling & van Oosterhout, 2013; Bishop et al., 2014). 412 
However, this initial cyanobacterial response was short lived and not sustained 413 
beyond post-application year two. This suggests that the initial reduction in annual 414 
mean TP concentration, and consequent reduction of summer cyanobacterial 415 
abundance during the two years following La-bentonite application, was associated 416 
with a short lived reduction in internal P loading as a result of capping sediment 417 
release. The reversal trend in cyanobacterial abundance in Loch Flemington may 418 
have been a response to the observed increase in annual mean TP concentration, 419 
associated with resumption in the internal P load. Furthermore, this increase in 420 
annual mean TP concentration was closely mirrored at the control site, suggesting 421 
evidence that a large-scale driver i.e. weather, was influencing changes at both sites. 422 
Hence the increase in annual mean TP concentration may have been due to 423 
enhanced internal P loading, associated with the drier and warmer than average 424 
summer of 2013, when compared across the five year monitoring period (Table 4).  It 425 
was also apparent that the cyanobacterial bloom intensity metric (Cyano EQR) 426 
varied over the monitoring period and dipped notably (reflecting a prevalence of 427 
cyanobacteria) during summer 2013, both in the treatment and control lakes, which 428 
reinforces the importance of weather factors in promoting cyanobacterial growth. 429 
This particular ecological quality indicator is sensitive to inter-annual variability 430 
(Carvalho et al., 2013b) and again, may reflect the importance of climate-related 431 
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drivers of cyanobacterial blooms, particularly their responsiveness to temperature 432 
(Rigosi et. al., 2014), flushing (Carvalho et al., 2011) and water column stability 433 
(Dokulil & Teubner, 2000). Otherwise, annual patterns of rainfall (Figure 4a & b) and 434 
water temperature (Figure 5a & b) were relatively consistent for both lakes 435 
throughout the monitoring period, corresponding to pre- and post-application years, 436 
further supporting interpretation of the BACI analysis i.e. evidence of a treatment 437 
impact. This also suggests that a subset of unusual seasonal weather conditions 438 
(e.g. summer 2013) can exert pronounced effects on cyanobacterial blooms, of 439 
which, a better grasp of the underlying mechanistic factors controlling their severity is 440 
essential and could potentially be discerned using long-term monitoring data.  441 
The phytoplankton compositional metric (PTI EQR) showed a sustained 442 
improvement during the monitoring period, reflecting an increase in diversity, as the 443 
phytoplankton community became progressively characterised by taxa indicative of 444 
better water quality (Phillips et al., 2013). The other main change was a continued 445 
reduction in phytoplankton abundance (Chl a EQR). These sustained phytoplankton 446 
responses, which did not occur in the control lake, suggest continual improvement of 447 
ecological quality in the treatment lake, and correspond to the monitoring period after 448 
La-bentonite application. It is interesting that both the phytoplankton compositional 449 
(PTI EQR) and abundance (Chl a EQR) metrics for Loch Flemington continued to 450 
improve over the monitoring period, despite increases in annual mean TP 451 
concentrations. This may suggest an ecological response to the sustained reduction 452 
in annual mean FRP concentration following La-bentonite application, or infers that 453 
changes in the phytoplankton community structure indicate shifting environmental 454 
conditions (e.g. nutrient limitation) or grazer behaviours (e.g. selectivity) which are 455 
not captured by phytoplankton metrics used to detect TP impacts.  456 
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The output from PLUTO indicated an increase in the ecological quality of Loch 457 
Flemington following the La-bentonite application, from a continued change in the 458 
phytoplankton community structure relative to the control site. This general 459 
improvement resulted in a shift in phytoplankton classification from poor to moderate 460 
ecological status over the monitoring period, highlighting a response which was not 461 
observed at the control site. However, the results of BACI analysis (described in 462 
Section 4.1) indicate that at least some of the encouraging responses (i.e. reduced 463 
magnitude of cyanobacterial blooms in summer) have gradually begun to reverse 464 
within four years of the La-bentonite application to Loch Flemington. We hypothesise 465 
that this improvement may not be sustained and lead to a longer term deterioration 466 
of ecological status, if the TP concentration continues to increase. 467 
4.3 Implications of the results for future eutrophication management in lakes 468 
We have demonstrated the use of a BACI approach for detecting responses in 469 
phytoplankton community composition at seasonal and annual timescales. This 470 
method enables an assessment of the impact of the treatment, whilst taking natural 471 
inter-annual variability, such as seasonal patterns of change, into account. By 472 
examining the change between the two sites before and after treatment and 473 
assuming the control site is representative of only natural inter-annual variability, 474 
changes seen in Loch Flemington, relative to the west basin of Loch Leven, following 475 
the La-bentonite application could be assessed as evidence of a treatment effect 476 
with greater confidence. These results demonstrate the need for appropriate 477 
experimental design when assessing responses to restoration measures at the lake-478 
scale, and we encourage the use of BACI analysis more widely in this field. In 479 
particular, there is a real need to collect adequate monitoring data for several years 480 
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prior to an intervention being made, in order to properly assess and detect the 481 
effectiveness of the lake management carried out. However, these experiments are 482 
resource intensive and there may be scope for citizen science to sustain long-term 483 
monitoring programmes (e.g. Loch Flemington). 484 
Our results indicate that the La-bentonite application to Loch Flemington was 485 
sufficient to induce a rapid (i.e. within 2 years) response in the phytoplankton 486 
community. However, this response was short lived for some important measures of 487 
water quality (e.g. TP, cyanobacterial blooms) and did not result in a shift from poor 488 
to good ecological status, in line with the proxy WFD target. Furthermore, 489 
conspicuous blooms continue to form (albeit smaller in magnitude compared with the 490 
pre-application year) during summer in Loch Flemington, signifying a failure to 491 
improve water quality conditions through a sustained reduction in cyanobacteria 492 
abundance within relevant regulatory timescales. The resumption in TP 493 
concentrations suggest that the La-bentonite application was insufficient to control 494 
internal P loading longer than two years. It is clearly important, therefore, to ask 495 
why? Five possible explanations can be offered. The first is that insufficient La-496 
bentonite was added to control internal P loading because the layer of La-bentonite 497 
applied to Loch Flemington was lower than the recommended (~2 mm) thickness to 498 
adequately cap sediment P release (Douglas et al., 2008). This is in agreement with 499 
Meis et al. (2013), who estimated that the dose was sufficient only to bind about 25% 500 
of the release-sensitive sediment P pool in the top 4 cm of the sediment. The second 501 
explanation is that external P loading has increased in recent years, leading to an 502 
enhanced supply to the lake itself, and hindered ecological recovery. Although there 503 
is no direct evidence to support this scenario at Loch Flemington, insufficient control 504 
of catchment loading has been cited as a reason for failure of P-capping agents 505 
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elsewhere in Europe (Egemose et al., 2011; Lürling & van Oosterhout, 2013). 506 
Thirdly, the fish community in Loch Flemington was altered following intense 507 
cyanobacterial blooms of the 1990s, which resulted in the disappearance of 508 
piscivorous brown trout and led to dominance by planktivorous three-spined 509 
stickleback. Hence it is likely that ‘top down’ control on zooplankton abundance has 510 
reduced grazing pressure on the phytoplankton community in Loch Flemington 511 
(Meis, 2012). Under these conditions, ecological resilience to subtle changes in TP 512 
concentrations is low and phytoplankton responses can be relatively pronounced 513 
(Jeppesen et al., 2007). A fourth scenario to consider is sediment remobilisation or 514 
the redistribution of La-bentonite material within the lake itself, leading to patchy 515 
coverage and areas of unaltered P release (Robb et al., 2003). Lastly, inter-annual 516 
variation in weather was probably responsible for driving variation in the intensity of 517 
cyanobacterial blooms in both the treatment and control lakes. This large-scale effect 518 
was most apparent during the summer of 2013 when prevailing weather consisting of 519 
lower than average rainfall combined with warmer lake surface conditions, favoured 520 
cyanobacterial growth, perhaps due to enhanced internal P loading (Søndergaard et 521 
al., 2001), reduced flushing rate (Carvalho et al., 2011), increased water column 522 
stability (Dokulil & Teubner, 2000), sensitivity to temperature (Rigosi et al., 2014) or 523 
indeed, an interaction of these factors. Therefore the ‘envelope’ of possible 524 
responses needs to be recognised.     525 
It is highly likely that in Loch Flemington, as in many other shallow lakes, the 526 
effective control of internal P loading will require the implementation of both in-lake 527 
and catchment-based measures. This places increasing weight on simultaneously 528 
managing integrated approaches (e.g. control of external N and P sources and 529 
internal P loading; bio-manipulation of fish community; management of submerged 530 
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macrophytes) to facilitate more stable structural and functional recovery in impacted, 531 
shallow lake ecosystems (Hosper & Jagtman, 1990; Søndergaard et al., 2000; 532 
Wichelen et al., 2007; Mehner et al., 2002 & 2008; Duras & Dziaman, 2010). 533 
Controlling catchment-derived nutrient loading is a prerequisite for lasting lake 534 
restoration efforts, otherwise internal stocks of nutrients will be replenished and 535 
recovery periods protracted through their sediment release (Cooke et al., 2005).  536 
We have presented the first comprehensive assessment, using a BACI 537 
approach, which documents phytoplankton community structure and biovolume 538 
responses at the field scale. Our work emphasizes the need for appropriate 539 
experimental design and long-term monitoring programmes, to ascertain the efficacy 540 
of intervention measures for restoring lakes and driving environmental improvements 541 
towards statutory targets. 542 
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5.0 Conclusions 543 
• The BACI analysis confirmed significant reductions in the magnitude of summer 544 
cyanobacterial blooms in Loch Flemington, relative to the control site, following La-545 
bentonite application.  546 
• This initial cyanobacterial response was not sustained beyond post-application 547 
year two, implying a short lived reduction in internal P loading as a result of capping 548 
sediment release.  549 
• The resumption in annual mean TP concentration, suggests that the La-bentonite 550 
application was insufficient to control internal P loading for longer than two years. 551 
• Continual improvements in the phytoplankton compositional and abundance 552 
metrics, not observed at the control site, may reflect a response to the sustained 553 
reduction in annual mean FRP concentration following La-bentonite application.  554 
• The cyanobacterial bloom intensity metric is sensitive to inter-annual variability 555 
and reflects the importance of climate-related drivers of cyanobacterial blooms.  556 
• Overall, phytoplankton classification indicated that the lake moved from poor to 557 
moderate ecological status but did not reach the proxy water quality target (i.e. WFD 558 
Good Ecological Status) within four years following La-bentonite application. 559 
• Cyanobacteria continue to form conspicuous blooms during summer, signifying a 560 
failure to improve water quality conditions over relevant regulatory time scales.  561 
• The effective control of internal P loading in Loch Flemington will require further 562 
implementation of both in-lake and catchment-based measures. 563 
• Our work emphasizes the need for appropriate experimental design and long-term 564 
monitoring programmes, to ascertain the efficacy of intervention measures in 565 
delivering environmental improvements at the field-scale. 566 
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Table Captions 818 
Table 1. Comparison of limnological characteristics of the west basin of Loch Leven (control 819 
site) with Loch Flemington (treatment site).  820 
Table 2. Results of the Before-After-Control-Impact (BACI) analysis showing the direction of 821 
change where a significant response was reported. Note that the arrows represent a change 822 
in the treatment site relative to the control site i.e. a downward arrow indicates the treatment 823 
site is significantly lower than the control site after the La-bentonite application and do not, 824 
necessarily, represent the same form of change in the treatment lake. ‘na’ denotes where 825 
the test was not performed due to insufficient data.  826 
Table 3. Qualitative inter-annual comparison of ecological quality assessment determined 827 
using the phytoplankton abundance metric (chlorophyll a EQR = Chl a EQR), phytoplankton 828 
compositional metric (Phytoplankton Trophic Index EQR = PTI EQR), cyanobacterial bloom 829 
intensity metric (Cyano EQR) and the combination of these (i.e. PLUTO EQR) together with 830 
physico-chemical conditions (total phosphorus, µg L-1 = TP; filterable reactive phosphorus, 831 
µg L-1 = FRP) and phytoplankton abundance (chlorophyll a, µg L-1 = Chl a) for Loch 832 
Flemington (treatment site) and Loch Leven west basin (control site), corresponding to the 833 
monitoring period both before and after La-bentonite application. Note EQR values lying 834 
nearer to 1 or 0 are respectively indicative of closest to or furthest from expected reference 835 
conditions. 836 
Table 4. Qualitative inter-annual comparison of mean summer rainfall and water 837 
temperature, representing a change relative to the 5 year average, for Loch Flemington 838 
(treatment site) and Loch Leven west basin (control site), corresponding to the monitoring 839 
period both before and after La-bentonite application. 840 
841 
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Figure Captions 842 
Figure 1 Map of Scotland showing location and bathymetry of Loch Flemington (treatment 843 
site; inset ‘a’) and Loch Leven west basin (control site; inset ‘b’) with sampling sites indicated 844 
by ‘x’.  845 
Figure 2. Seasonal and annual variation in total phytoplankton biovolume, biovolume of 846 
major contributing phyla and community diversity indices for (a) Loch Flemington and (b) 847 
Loch Leven west basin, corresponding to the monitoring period both before and after La-848 
bentonite application. 849 
Figure 3. Annual variation in the proportion of major contributing phyla to total phytoplankton 850 
community biovolume of Loch Flemington, corresponding to the monitoring period both 851 
before and after La-bentonite application. 852 
Figure 4. Boxplots representing annual variation in monthly rainfall* of (a) Loch Flemington 853 
and (b) Loch Leven west basin, corresponding to the monitoring period both before and after 854 
La-bentonite application. *Met Office (2006) data. 855 
Figure 5. Boxplots representing annual variation in monthly water temperature of (a) Loch 856 
Flemington and (b) Loch Leven west basin, corresponding to the monitoring period both 857 
before and after La-bentonite application. 858 
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Site attribute Loch Flemington 
Treatment (T) site 
Loch Leven west basin 
Control (C) site 
Location 57o 32’ N, 3o 59’ W 56o 10’ N, 3o 30’ W 
Surface area 0.15 km2 0.95 km2 
Mean depth 0.75 m 1.5 m 
Maximum depth 2.8 m 3.0 m 
Annual mean TP concentration (2009) 60 µg L-1 39 µg L-1 
Annual mean chlorophyll a concentration (2009) 51 µg L-1 15 µg L-1 
Annual mean alkalinity (2009-2013) 62.2 mg L-1 as CaCO3 72.1 mg L-1 as CaCO3 
Estimated catchment TP load 0.80 g m-2 yr-1 (2000) 0.87 g m-2 yr-1 (2005) 
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 Significant direction of change relative to pre-application year 
 
 
 
Mean variable 
Post-
application 
year 1               
(2010) 
Post-
application 
year 2               
(2011) 
Post-
application 
year 3             
(2012) 
Post-
application 
year 4             
(2013) 
Total biovolume 
 
 
 
 
Annual     
Summer  ↓   
Autumn     
Winter na  na  
Cyanobacteria biovolume     
Annual     
Summer ↓ ↓   
Autumn    ↑ 
Winter na  na  
Dinoflagellate biovolume     
Annual   ↑ ↑ 
Summer   ↑ ↑ 
Autumn    ↑ 
Winter na  na  
Diatom biovolume     
Annual     
Summer     
Autumn     
Winter na  na  
Chlorophyte biovolume     
Annual   ↑ ↑ 
Summer   ↑ ↑ 
Autumn   ↑ ↑ 
Winter na  na ↑ 
Cryptophyte biovolume     
Annual   ↑ ↑ 
Summer ↑ ↑ ↑ ↑ 
Autumn   ↑ ↑ 
Winter na  na ↑ 
Euglenophyte biovolume     
Annual   ↑ ↑ 
Summer ↓  ↑ ↑ 
Autumn  ↑ ↑ ↑ 
Winter na  na ↑ 
Chrysophyte biovolume     
Annual  ↑ ↑ ↑ 
Summer    ↑ 
Autumn   ↑ ↑ 
Winter na ↑ na ↑ 
Taxa richness (S) 
    
Annual    ↑ 
Summer     
Autumn     
Winter na  na  
Diversity (H)     
Annual     
Summer  ↑   
Autumn     
Winter na  na  
Evenness (J)     
Annual ↑    
Summer  ↑   
Autumn     
Winter na  na  
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Annual variable 2009 
 
2010 
 
2011 
 
2012 
 
2013 
Loch Flemington (T) 
     
Arithmetic mean TP 46.3 38.0 33.6 50.7 46.3 
Arithmetic mean FRP 
(proportion of TP) 
16.5   
(36%) 
13.4             
(35%) 
10.1            
(30%) 
9.2         
(18%) 
9.0               
(19%) 
Geometric mean Chl a 35.0 20.0 15.6 19.2 13.6 
Cyano EQR  0.556 0.706 0.896 0.739 0.633 
PTI EQR 0.237 0.204 0.296 0.358 0.361 
Chl a EQR 0.336 0.353 0.400 0.404 0.481 
PLUTO combined EQR 0.287 0.279 0.348 0.381 0.421 
WFD Ecological Status                            
(% Confidence of Class) 
Poor  
(100%) 
Poor                    
(100%) 
Poor  
(99%) 
Poor  
(88%) 
Moderate 
(81%) 
Loch Leven (C) 
     
Arithmetic mean TP 42.3 32.0 44.9 39.7 54.4 
Arithmetic mean FRP 
(proportion of TP) 
9.3     
(22%) 
6.2     
(19%) 
5.0            
(11%) 
5.5              
(14%) 
11.0         
(20%) 
Geometric mean Chl a 12.8 22.1 19.3 24.8 22.5 
Cyano EQR  0.311 0.769 0.735 0.799 0.469 
PTI EQR 0.388 0.588 0.365 0.546 0.438 
Chl a EQR 0.531 0.376 0.410 0.386 0.324 
PLUTO combined EQR 0.410 0.482 0.387 0.466 0.381 
WFD Ecological Status                            
(% Confidence of Class) 
Moderate
(81%) 
Moderate 
(61%) 
Poor    
(72%) 
Moderate 
(93%) 
Poor       
(65%) 
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  Change relative to 5 year average 
                                                          
Annual mean variable 
Summer 5 year 
average (2009-13) 
Summer 
2009 
Summer 
2010 
Summer 
2011 
Summer 
2012 
Summer 
2013 
Loch Flemington (T) 
      
Rainfall (mm)* 63.7 +8.8 +3.5 +14.1 -2.5 -23.8 
Water temperature (°C) 17.5 +0.4 -0.5 -0.1 -0.6 +0.9 
Loch Leven (C) 
      
Rainfall (mm)* 98.1 +7.4 -6.0 +9.5 +29.6 -40.6 
Water temperature (°C) 17.4 +0.6 -0.1 -1.2 -0.2 +0.9 
*Met Office (2006) data 
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Highlights 
• Reduced cyanobacterial blooms after treatment but initial response not sustained 
• Shift from cyanobacteria dominance towards a diverse phytoplankton community 
• Ecological status improved but failed to meet the proxy WFD water quality target 
• Need in-lake and catchment-based measures to effectively control internal P loading 
• BACI analysis and long-term monitoring key to assessing lake restoration response 
 
